This paper studies the effects of vehicle ownership restrictions on fertility. We examine Beijing's license plate lottery system, which began in 2011 and restricts the number of new and used vehicles people can obtain. Leveraging a randomized survey, we show that one unintended consequence of the vehicle restrictions has been to reduce the number of births in the households of lottery entrants between 2011 and 2014. The vehicle restrictions reduce births in households of lottery participants by 35 percent, implying a remarkable 6 percent reduction in births across the entire city. We report changes in household structure and age composition consistent with this change in births.
Introduction
Over the last 50 years, the global fertility rate has halved. Worldwide, the average woman has fewer than 2.5 children today, the lowest rate in recorded history (UN 2017) . While fertility is of broad concern to the entire world, 1 it has long been a major policy issue for developing countries in particular (Osili and Long 2008; Bharadwaj 2014; Alfano 2017 ).
In the wake of China's one-child policy (OCP), the causes and consequences of declining fertility have taken on particular importance. The policy, enacted in 1979, restricted urban couples to one child while allowing couples in other categories to have two children. A growing body of evidence ties the OCP to potentially explosive social problems, including a high male-female sex ratio (Ding and Hesketh 2006) , a rapidly aging labor force (Feng 2012) and less trustworthy, more competitive, and less conscientious individuals (Cameron et al. 2013) . Amid the growing concern over declining fertility rates, China began relaxing the OCP in the late 2000s, allowing an increasing number of couples to have two children. While the OCP may have accelerated declines in fertility, some hypothesize that China's fertility rates would have declined to current levels even in the absence of the OCP (Zhang 2017) . As evidence, many couples choose to have fewer children than the policy permits because of the skyrocketing costs of raising children, including the costs of living space, education, and a clean environment. To the extent that some couples choose not to have children, relaxing the fertility restrictions could have smaller effects on fertility rates than policy makers expect.
Given the increasing attention to the OCP and the costs of declining fertility rates in China, we examine the effects on fertility of another policy: vehicle ownership restrictions in Beijing. Many large cities in East Asia face pervasive traffic congestion and air pollution, and one approach to addressing these issues that has gained traction is the introduction of policies that sharply restrict car ownership. Currently, eight large Chinese cities with a combined population of over 160 million people, along with Singapore, restrict ownership (Yang et al. 2014) , with many more considering some form of these restrictions. Beijing implemented a vehicle ownership restriction policy starting in January 2011, where only those who win a monthly lottery can purchase a new or used vehicle. 2 Vehicle ownership restrictions can play a potentially important role in fertility. Social scientists conceptualize the household decision on the number of children in terms of comparing the costs and benefits of increasing the number of children (Becker 1960; Willis 1973) . Greenwood et al. (2001) and CoenPirani et al. (2010) extend this work to argue that ownership of electrically powered home appliances such as clothes washers increased female labor force participation by reducing the time costs of housework.
We apply this framework to consider the effects of car ownership on fertility. We first use a simple theoretical model to show that restricting vehicle ownership can either increase or decrease fertility rates. On the one hand, cars may increase fertility rates by reducing the cost of caring for the children; for example, taking children to activities is much easier with a car than with public transportation. Alternatively, cars may reduce fertility rates by reducing the costs of consumption goods that can substitute for children, such as social activities or recreation time. As a result, while theory suggests that cars play a role in the decision to have children, the net direction and magnitude of that role are empirical matters.
We then provide the first estimate of the effect of car ownership on fertility rates. Car ownership and fertility are complex decisions that depend on many factors; some of these factors are observable in data (such as the ages of the adults), but many others are unobserved (such as expected future income). This makes it challenging to estimate the causal effect of car ownership on fertility. However, because the Beijing vehicle lottery chooses winners randomly, it represents an ideal natural experiment to measure the effects of vehicle ownership on fertility. In this study, winners and losers of this lottery are compared to estimate the effect of vehicle restrictions on the number of post-lottery children born in the three years after the lottery began.
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Conditional on entering the lottery, its outcome is randomly assigned, allowing us to examine the causal impact of owning a vehicle without the problems of confounders that usually apply to the decision to purchase a car. We find that each car eliminated by the lottery would have resulted in 0.040 additional births of post-lottery children, a 35 percent increase in fertility rates. Considering only the withinsample effects of the lottery on fertility, we calculate that the lottery reduced the total number of children born in Beijing during this time by a remarkable 6 percent. Across a 3 We define pre-lottery children as those born between 2007 and 2010, before the advent of the lottery at the beginning of 2011. We define post-lottery children as those born between 2011 and 2014. The survey that constitutes the primary data set for this paper was conducted at the end of 2014.
number of other specifications, such as alternative definitions of the instrument or isolating fertility effects based on pre-lottery parity, we find no evidence of smaller effects and some evidence for even larger effects.
We document accompanying changes to household structure that are consistent with these changes in fertility. Winning households are more frequently composed of a child with parents and grandparents, whereas losing households are more frequently composed of only husband-wife pairings. The increase in the frequency of grandparents is consistent with a common practice in Chinese society in which grandparents move into households to provide childcare. We also examine the age structure of households and find changes consistent with this narrative.
Prior work has explored the impact of government policies such as direct cash transfers, tax benefits, and paid time off (Gauthier and Hatzius 1997; D'Addio and d'Ercole 2005; Kalwij 2010 ) . These studies consistently find much lower impacts on fertility than our results, even for policies intentionally directed at fertility. However, each of these studies relies on a difference-indifference framework, usually exploiting differences within a country of a policy change such as an increase in the amount of benefits. These research designs are vulnerable to endogeneity concerns such as omitted variables bias. For example, unobserved shifts in attitudes toward children can be correlated with both new policies and fertility rates. Because we use a natural experiment and randomly select lottery winners, the fertility and household composition of lottery losers are near perfect counterfactuals for the fertility and household composition of winners.
Our results suggest that policies restricting car ownership have an unintended effect of reducing fertility. As we noted above, the OCP may not have been binding for all couples living in Beijing at the start of the lottery. Our results document the importance of car ownership to fertility, lending support to the hypothesis that the rising cost of goods complementary to children strongly reduced fertility. Additionally, to the extent that some couples were bound by the OCP, our estimated effect of vehicle restrictions on fertility-as large as it is-could be understated if the OCP were absent.
More generally, our work suggests that vehicle ownership restrictions may exacerbate the costs of declining fertility rates that many countries face. The results have implications for analysis that relies on population projections, such as estimating the effect of demographics on long-term government revenues and spending. Car ownership can affect fertility independently of income, suggesting that demographers should possibly consider vehicle ownership rates. Our work brings new evidence to the quantity-quality fertility model, because restricting vehicle ownership raises the shadow price of child quality, which reduces the quantity of children. Most broadly, our findings draw a new connection between transportation policy and demographic outcomes.
The Theoretical Relationship between Cars and Fertility
Becker (1960) characterizes children as one type of household good. The household has preferences over children and other goods, and it chooses the utility-maximizing number of children and consumption of other goods, given prices and a budget constraint. In the spirit of this model, and incorporating insights from Greenwood et al. (2001) and Coen-Pirani et al. (2010) , we present a simple model of the decision to have a child. We begin with this decision when cars are not available, and then consider the household when a car becomes available.
The Decision of a Household without a Car
Suppose there are two types of goods: market-traded consumption goods and children . 4 The representative household divides its budget between these two types of goods, while also providing labor ; when the household is not working, it consumes leisure .
Households receive benefits from consuming goods and leisure:
We normalize wages to 1, so this household is subject to the budget constraint:
In this budget constraint, is the price of the consumption good, while is the cost of the child. Now consider the decision to have children. Because of the OCP, the Chinese household can only decide to have either 0 or 1 child. The household chooses to have a child if the marginal utility per dollar for that child exceeds the marginal utility per dollar of the consumption good:
The Decision of a Household with a Car
When a car becomes available, the vehicle has a price that occupies a share of the household's budget constraint. However, cars can also affect the prices of the consumption good and of children.
A car can reduce the cost of market-traded consumption goods, because a car facilitates shopping, dining in restaurants, and going to social activities. A car can also lower the cost of raising a child, because a car can be used to bring children to activities; traveling with a child without a car can have high costs. We note that cars can only decrease the costs of other goods, because if travel by car is too costly, the household can always choose not to use the car.
If the household receives no utility from the act of owning a car, its utility function has the same form as that above.
5 However, the budget constraint becomes:
In this new budget constraint, the decrease in price of consumption goods from cars is , while the decrease in the cost of a child is .
We find that a Chinese household will choose to have a child if:
Cars affect the decision to have a child in two ways. First, fertility depends on and , the effects of cars on the costs of children and consumption goods. If is large, the household is more likely to have a child because of the higher marginal utility of a child relative to cost. If is large, the utility trade-off of a child is higher, and having a child is less likely. Second, cars occupy a share of the budget, reducing the amount of income available to spend on consumption goods and children. In households without children considering the birth of a first child, this effect decreases the quantity of consumption goods purchased, increases the marginal utility of consumption goods, and makes children less likely.
Our theoretical analysis therefore yields an ambiguous effect of vehicle ownership on fertility. In the next sections, we turn to empirical analysis of this question.
Background and Data
To reduce increasingly severe problems of road congestion and air pollution, Beijing began the vehicle lottery policy in January 2011. Only those who won the lottery were able to purchase either a new or used vehicle. To be eligible to enter the lottery, an applicant must have a driver's license and either possess Beijing identification (hukou) or have paid taxes in Beijing over the previous five years. Drawings are held monthly, and in the first year of the lottery, those applicants who did not win during a given drawing were automatically reenrolled in the next month's lottery. Winners have six months from the time they win to purchase a car. The lottery was quickly oversubscribed, and the odds of winning the lottery fell below 2 percent per month by mid-2012 (Yang et al. 2014) While the main purpose of the survey is to understand household travel behavior, it also asks respondents to identify the relationship of each member of the household to the head of the household. These questions constitute the primary data set for this study. For each member, year of birth and gender are reported. Because there is no survey question matching parents to children, relationships are inferred using the question identifying each household member's relationship to the head. We use the information about household structure and age composition to complement the analysis of the effects of car ownership on fertility.
Before 2014, the survey did not include questions about the lottery. At our request, the BTRC added questions about the Beijing vehicle lottery to the 2014 survey. Individuals report whether they entered the lottery, when they entered, and whether they won. About 20 percent of households from the survey had at least one member participate in the lottery between 2011 and 2014.
Empirical Framework and Results
This section presents two types of evidence on the effects of cars on fertility. The first is a comparison of mean fertility rates and household structure of lottery winners and losers. The second is an econometric analysis of the effects of car ownership on fertility rates and household structure, using lottery outcomes to account for the potential endogeneity of car ownership.
Comparison of Lottery Outcomes, Fertility Rates, and Household Structure
We exploit the randomization of the lottery and use the outcomes of winners to estimate counterfactual fertility rates and household structure for losers. First, to provide context on the lottery sample, in Table  1 we compare households in which someone entered the lottery and households without entrants. Households with entrants are significantly different (p < 1%) in almost every aspect. Households with entrants have younger heads of household, more members, and higher car ownership rates and graduation rates. All these differences suggest that households with lottery entrants and households without entrants are not directly comparable. 
Notes:
The table reports characteristics of the households of lottery entrants (N = 7,041) and those without any lottery entrant (N = 32,966). The first two columns report means with standard deviations in parentheses, and the third column reports the difference with standard error in parentheses. All differences are statistically significant at the 1% level.
We next examine the pool of entrants by comparing the characteristics of winners and losers of the lottery in Table 2 . Only those characteristics that are unlikely to be affected by the outcome of the lottery are compared. Unlike the prior comparison between households with entrants and households without entrants, comparing winners and losers suggests no statistically significant differences in preexisting characteristics at even the 10 percent level. This is consistent with a successful randomization between winners and losers enacted by the license plate lottery.
The comparability of winners and losers suggests that comparing mean fertility rates between winners and losers identifies the causal effect of winning on fertility. Figure 1 presents the mean number of post-lottery and pre-lottery children in the households of lottery winners and losers. Figure 1 shows that households of lottery winners have 0.034 more post-lottery children than households of lottery losers, a large and statistically significant increase of 30 percent over the mean of lottery losers. Note: None of these characteristics differ at the 1%, 5%, or 10% level of statistical significance.
FIGURE 1. MEAN NUMBERS OF POST-LOTTERY AND PRE-LOTTERY CHILDREN IN THE HOUSEHOLDS OF LOTTERY WINNERS AND LOSERS
Notes: Depicted is the average number of post-lottery children (± s.e.), defined as those children in the household born between 2011 and 2014, and the average number of pre-lottery children (± s.e.), defined as children born between 2007 and 2010. Children are divided into groups for lottery winners (N = 779) and lottery losers (N = 7,278). The reported p-values are from statistical tests of equality.
Pre-lottery children represent a placebo check for our analysis, because the 2011 lottery should not affect the number of children already born. Indeed, the difference in the number of pre-lottery children is statistically insignificant; its point estimate is about one-quarter the size of the difference in post-lottery children.
We expect changes in fertility to affect household composition, so we next turn to the effect of vehicle restrictions on household structure. This provides evidence complementary to our results on fertility.
Before we present our analysis on the changes in household structure, it is important to consider what changes in household structure should be expected if vehicle ownership increases fertility. Figure 2 shows every household structure of lottery winners and losers with more than a 1 percent prevalence, with the green bars representing the household structures of the winners and the blue bars representing those of the losers. Of the 10 household structures meeting this criterion, 6 already have a child present. Because of China's OCP, we would not expect additional children in these households. In two of these household structures (single occupant, adult with 2 parents), we would not expect winning to affect fertility. 7 In only two of these structures (husband/wife and husband/ wife/elderly parent) would we expect changes in fertility to reduce their prevalence, although households with husband/wife/elderly parent make up only 2 percent of the households of losers.
FIGURE 2. HOUSEHOLD STRUCTURES OF LOTTERY WINNERS AND LOSERS

Notes:
The percentages (± s.e.) of lottery winners (N = 779) and lottery losers (N = 7,278) with a given family structure. We include all family structures with prevalences above 1 percent in Beijing, accounting in total for 91 percent of losing households and 87 percent of winning households. Error bars and p-values are constructed as in Figure 1 .
As expected, the prevalence of households with only a husband and wife is lower for lottery winners by a large and statistically significant amount. This type of household is less common in winning households than in losing households by 3.6 percentage points, a statistically significant decrease (p <5%) of about 18 percent over the frequency of losers.
If obtaining a car raises fertility, households should transition from those with a husband and wife to those with a husband, wife, and child. There are four households with this combination: husband/wife/child, 2 grandparents/2 adults/1 child, 1 grandparent/2 adults/1 child, and husband/wife/2 children.
As expected, the frequency of households with husband/wife/child and husband/wife/2 children increases, although our standard errors do not allow us to measure these differences with precision. The largest change occurs in households with 2 grandparents/2 adults/1 child; this type is 2.6 percentage points more common in winning households, a statistically significant increase (p <5%) of 34 percent over households of lottery losers. Cars might increase this type of family structure for two reasons. First, in Chinese society, the prevalence of two-income households creates a common cultural practice where grandparents live with the family to help with childcare when a baby is born. Second, cars can provide transportation options for the elderly, making it easier for grandparents to help care for children.
We see that the decrease from losing households to winning households in the frequency of husband/wife household types (3.6 percentage points) is almost exactly equal to the combined increases in the frequency of husband/wife/child households (1.0 percentage points) and 2 grandparents/2 adults/1 child households (2.6 percentage points). This suggests a clear transition in types between the households of lottery losers and winners caused by vehicle ownership.
In summary, we see a statistically significant decrease in the prevalence of households with husband/wife and a statistically significant increase in the prevalence of households with 2 grandparents/ 2 adults/1 child. These results are entirely consistent with an increase in fertility after considering China's laws and culture, including the OCP, its heavy restrictions on single men and women bearing children, and the cultural practice of grandparents moving in with new parents.
Finally, we examine the age structure of households of lottery winners and losers in Figure 3 . The changes in fertility and family structure that are documented above are also reflected in the number of people in each age group living in these households. Winning households have statistically significant increases in the number of people ages 0 to 4 (p <1%) and changes of borderline statistical significance in the number of people who are 51 years or older (p <10%). All other age groups are statistically identical. 
Econometric Evidence on the Effects of Cars on Fertility and Household Structure
While the above figures show the effect of winning the lottery on fertility, policymakers may be more interested in how vehicle restrictions and the number of cars owned by households affect fertility. However, a regression of fertility on the number of cars owned by the household would yield biased estimates if car ownership is correlated with unobserved factors that affect fertility. For example, a household expecting its income to increase may be more likely to obtain a car and have a child. For this reason, we estimate an instrumental variables (IV) model in which we replace the actual number of cars with the number of cars predicted by whether the entrant won or lost the lottery. The validity of the IV is supported by Table 2 , which documents the comparability of winners and losers and suggests that the lottery outcome is uncorrelated with unobserved variables that affect car ownership and fertility.
We employ the following specifications:
In these equations, is the outcome variable of interest for individual . Outcomes of interest include the number of post-lottery children, the number of pre-lottery children, and indicator variables for the three most prevalent types of family structures (Figure 2) . The variable represents the number of cars in household . We insert the fitted value of from equation (2) into equation (1), adjusting standard errors appropriately. The variable represents the lottery status of : whether the individual won or lost the lottery. Only lottery entrants are included in these regressions. Observations are at the individual rather than the household level because the randomization of the lottery occurs at the individual level. The covariates include observable characteristics that should be unaffected by the lottery: the age of the individual, age-squared, whether the individual is male, and fixed effects for the day the entrant was interviewed and the education level of the entrant.
Importantly, each regression includes , a set of fixed effects for an entrant's lottery entry date. These are necessary because earlier 8 Although this specification controls for entry date, it does not explicitly control for winning date. As we discuss in section 4.4.6., if renewing lottery applications is endogenous and correlated with preferences for having children, this could bias the main estimates. We show below that this potential source of bias does not appear to be important in practice.
entrants have more chances to win the lottery and may have stronger unobserved preferences for cars. The presence of this covariate implies that the coefficient on number of cars compares outcomes for lottery winners and losers who entered at the same time, controlling for possible unobserved factors correlated with entry date.
8
Our first-stage regression results of equation (2) are presented in Table 3 . The coefficient estimate from the first row of this table indicates that lottery winners have 0.636 more cars per household than losers, a large and statistically significant result. The number of cars added is less than one for several reasons, including the fact that not every lottery winner chooses to purchase a car. Almost 10 percent of lottery winners do not choose to purchase a car. Importantly, if a person wins the lottery, the license plate is not legally transferable. Another explanation for the magnitude of the lottery coefficient is that some losing households may have been able to obtain a car even without winning the lottery, a possibility that does not bias our result so long as the lottery drawing was random. 
0.125
Notes: Regressions include only lottery entrants. All regressions include fixed effects for the day of the week of the interview, for the education level of the entrant, and for the month of entering the lottery. Standard errors are clustered at the city district level. * p < 0.10, ** p < 0.05, *** p < 0.01.
The IV results are presented in Table 4 . This table affirms the positive causal impacts of cars on the number of children and family structure. As shown in column 1, each car results in 0.040 additional post-lottery children born between 2011 and 2014, a 34 percent increase over the average of 0.116 post-lottery children in households of lottery losers (see Figure 1 ). Because people may have won the lottery at different times, but we observe them only once at the end of 2014, winners have owned cars for different lengths of time when we observe them. This estimate should be interpreted as the duration-weighted average treatment effect on fertility of adding a car.
The first stage F-statistic is 379, reducing concerns about weak instruments bias. The number of cars has a small and statistically insignificant impact on the number of older children (column 2), affirming the validity of the research design.
Columns 3 through 5 of this table show the impacts of cars on the three most common forms of family structure. Just as was found in Figure 2 , the IV estimates are consistent with the idea that obtaining a car caused families to shift out of husband/wife pairings and into households with 2 grandparents/2 adults/1 child. Each car causes a decrease in husband/wife only households and an increase in the number of households with husband/wife/child or 2 grandparents/2 adults/1 child. Analogous to the graphical results, the decrease in the percentage of husband/wife households (5.0 percentage points) is similar in size to the combined increases of the frequency of husband/wife/child households (2.6 percentage points) and 2 grandparents/2 adults/1 child households (3.3 percentage points). IV evidence on family structure is also strongly supportive of changes in fertility caused by vehicle ownership. 
Implications of the IV Estimates for Aggregate Fertility
To provide context for the effect of the lottery on fertility, we calculate the change in babies born during the lottery period in the city of Beijing. To perform this calculation, we assume that lottery losers would have behaved like winners if they had won. This assumption is supported by the randomness of the lottery instrument and by the comparability in other characteristics between winners and losers. 9 We also require the assumption that non-entrant families would have had the same number of children in the absence of the lottery-that is, the lottery did not affect their fertility decisions. This assumption is reasonable since the decision to have a child for non-entrants is plausibly unaffected by the existence of vehicle restrictions-that is, the lottery does not directly affect the benefits and costs of having children for households that do not participate in the lottery.
We begin our estimate of the effects of vehicle restrictions on fertility by calculating how many post-lottery children lottery losers would have had if they had been free to purchase cars. Table 4 suggests that lottery losers would have had 0.040 additional postlottery children per car, about 35 percent more than the 0.116 that they actually had. We multiply this figure by the 0.636 cars per entrant that lottery losers would have had (Table 3) . Lottery losers would have had 0.141 post-lottery children per entrant, compared with the 0.150 post-lottery children per entrant that lottery winners had. Since there are 7,278 lottery losers, vehicle restrictions reduced births by (7,278 * 0.040 * 0.636) = 185 post-lottery children.
The original BTRC survey, a random sample from the city of Beijing, included a total of 47,319 women ages 18 and over. In all, this sample has 2,891 post-lottery children, but in the absence of vehicle restrictions, there would have been (2,891 + 185) = 3,076 postlottery children. In sum, vehicle restrictions reduced the number of children born between 2011 and 2014 by (185/3076) * 100% = 6% (s.e. 2.6%), a large decrease.
Tests of Robustness and Other Results
In this section, we report additional results supporting our main findings and enriching our narrative of the impacts of cars on fertility.
Definitions of Children Affected by Cars
In our central results, we define postlottery children as those born between 2011, the year the vehicle lottery began, and 2014, the year the survey was taken. This measure has the benefit of being exogenous to the timing of the decision to enter the lottery but may introduce measurement error by including children born in years before any person in the household entered the lottery. A second possible definition would include children born in the year any household member entered the lottery or any year after that year. This group is likely to include households where a member won the lottery and the mother became pregnant but is subject to the concern that the mother may have become pregnant in the months before family members entered the lottery. A third possible definition would include children born only in the years after any person in the household entered the vehicle lottery. This group is likely to have the least measurement error, because these post-lottery children are the most likely to be affected by lottery outcomes. However, it is subject to the possible concern that families who enter the lottery earlier have a longer time between winning and the survey date in which to have children. As noted above, this consideration affects the interpretation of the estimate but does not imply that it is biased.
In order to allay possible concerns that the main conclusions are sensitive to the definition of post-lottery children, all three definitions are graphed in Figure 4 . Because the first and second definitions are more inclusive, each of these definitions shows more children in the households of both winners and losers. Each of these definitions shows a large and statistically significant difference between lottery winners and losers. Finally, if lottery entry date is correlated with the desire to have children, differences between winners and losers should be greater under the second and third definitions. Indeed, these definitions show greater differences between winners and losers than the first.
If we use the first definition of post-lottery children, winners have 0.034 more post-lottery children than losers. If we use the second or third definition, winners have 0.041 more post-lottery children than losers. Generally speaking, all three possible definitions are highly supportive of large differences in fertility between lottery winners and losers. 
Effects of Vehicles by Year and the Presence of Children Already in the Home
Because of the OCP, changes in fertility as a result of cars are more likely to occur in households that do not already have children than in households that already have children. We verify this by dividing the surveyed lottery entrants into subgroups based on whether the entrant had a child between the ages of 4 and 18 at the time of the 2014 survey (that is, born before the 2011 lottery but not yet an adult). To examine how fertility increases are distributed across lottery entrants, we further divide our sample according to year of lottery entry. Table  5 presents our examination of the differences in birthrates for each of these subgroups. The first panel shows that across all four years, households with no children age 4 to 18 account for the entire fertility increase observed between winners and losers. In subsequent panels, the first row shows that lottery winners from every entry year had more children born between 2011 and 2014 than lottery losers. The second and third rows of each panel show that births are largely concentrated among entrants with no children age 4 to 18. Additionally, the birthrates of lottery winners with no children age 4 to 18 are generally higher than birthrates of lottery losers. Most of these annual differences are not statistically different due to the small sample size.
The main IV estimates characterize the average effects of car ownership across all lottery participants. Because of the OCP, we expect car ownership to have a larger effect on fertility among households that do not have children prior to the lottery. To test this hypothesis, we use the presence of a child between the ages of 4 and 18 as a predetermined characteristic in an IV specification involving the interaction of lottery status and whether the entrant had a child of this age:
In these equations, all the variables are defined as in equations (1) and (2) except , which represents a dummy variable indicating whether the entrant had a household member between the ages of 4 and 18. Because this is a characteristic determined prior to the lottery, it is exogenous, and we can use the interaction of this characteristic with other predetermined characteristics, such as age, gender, and whether the individual won the lottery, as additional instrumental variables.
Our results are presented in Table 6 . 10 The coefficient in the first row of the first column indicates that cars have minimal effects on fertility for families who already have children age 4 to 18. The coefficient in the bottom row of the first column indicates that they have large and statistically significant impacts on families without these children. This is the pattern expected under the OCP. Columns 2 through 4 of Table 6 enrich our results of the effect of cars on family structure. The first row suggests that cars may influence household structure for entrants with children age 4 to 18, with a larger number of households that include two grandparents. In these families, cars may facilitate the ability of the elderly to provide childcare, encouraging families with children to bring in their parents. This suggests that cars can affect household structure in other ways than via fertility. The last row of these columns generally supports the results in Table 4 . Cars reduce the prevalence of households with only a husband and wife and modestly increase the prevalence of households with children and with grandparents. Notes: Estimation results of equations (3) through (5). In each regression, covariates also include age, agesquared, a dummy for gender, fixed effects for the day of the week the entrant was interviewed, and the education level of the entrant. These results also include the interaction of each of these covariates with whether the entrant won the lottery. We instrument for the number of cars and the interaction of the number of cars with whether the entrant had a child between the ages of 4 and 18 using each of the above variables, along with whether the individual won the Beijing vehicle lottery, and the interaction of winning with whether the entrant had a child between the ages of 4 and 18. Only lottery entrants are included. * p < 0.10, ** p < 0.05, *** p < 0.01.
In sum, these tables confirm that the changes in fertility rates that we observed in Table 4 are concentrated among lottery entrants who have no children born before the advent of the lottery. Additionally, we learn that cars can cause important changes in household structure, even in those families that already have children.
Effects of Cars on Gender Composition
Since we observe the genders of the children, we can also examine the effect of vehicle restrictions on the sex ratio. The sex ratio is an important issue in China because the OCP led many families to practice sex selection, leading to highly imbalanced malefemale ratios (Ebenstein 2010) .
We can see the gender effects of vehicle restrictions in Figure 5 . The number of children born between 2011 and 2014 is presented in the left two columns. Among lottery-losing households, there is virtually no difference in the numbers of boys and girls. For lottery-winning households, the number of boys is larger than the number of girls, although this difference is not statistically significant. The number of children born between 2007 and 2010 is presented in the right two columns as a placebo test. We can see from this placebo test that differences between the number of both male and female pre-lottery children for winners and those of losers are small and statistically insignificant.
To summarize: our point estimates suggest that births by lottery-winning households are biased toward more boys. However, this difference is not statistically significant at conventional levels.
Probit Effects of Cars on Whether a Child Is Born
Because most families in China have only one child, we can also run an IV probit model with the same independent variables as equations (1) and (2), but where the dependent variable is whether the lottery entrant has a child born after 2011 in the household. We find that each car increases the probability that the lottery entrant has a post-lottery child by 2.8 percentage points and has no statistically significant effect on the probability of having a pre-lottery child. The probit results are consistent with the results reported in Table 4 (available on request).
Year-by-Year Effects on Births
To check whether the number of postlottery children born to lottery winners is large by historical standards, we examine the difference in the number of children born in each year between winning and losing households in Figure 6 . Point estimates for 2013 and 2014 suggest that winning increases the number of children per entrant born in these years more than 0.02 percentage points; this point estimate is greater than the comparable point estimate for children born in any other year. The figure suggests that the lottery had a larger effect on fertility in 2013 and 2014 than in 2011 and 2012.
Robustness of Results to Application Renewals
Beijing changed the rules for its lottery so that applications were removed if they did not submit periodic online renewals.
11 Because renewing the lottery application is a potential source of endogeneity, we checked that renewals do not bias the results by running an IV specification where we instrument for the number of cars by whether entrants reported winning the lottery without having to renew their applications. These results, reported in Table 7 , strongly support our prior findings of the large effects of car ownership on fertility and household structure. Using the new instrument, we also repeated the expanded specification with interaction terms as presented in Table 6 . We report these results in Table 8 , finding that they also largely agree with the prior findings. (1) and (2). In each regression, covariates also include fixed effects for the day of the week the entrant was interviewed and the education level of the entrant. The variable of interest is the number of cars in individual 's household. We instrument for this variable by whether the individual won the Beijing vehicle lottery within 6 months of entering it. Only lottery entrants are included. Columns 1 and 2 report the number of children born between 2011 and 2014 and between 2007 and 2010, respectively. Columns 3 through 5 present regressions where the dependent variable is a dummy for whether a lottery entrant's household has the makeup indicated in the column heading. * p < 0.10, ** p < 0.05, *** p < 0.01. Notes: Estimation results of equations (3) through (5). In each regression, covariates also include age, agesquared, a dummy for gender, fixed effects for the day of the week the entrant was interviewed, and the education level of the entrant. The regression also includes the interaction of each of these covariates with whether the entrant won the lottery. We instrument for the number of cars and the interaction of the number of cars with whether the entrant had a child between the ages of 4 and 18 using each of the above variables, along with whether the individual won the Beijing vehicle lottery without having to renew the application, and the interaction of winning with whether the entrant had a child between the ages of 4 and 18. Only lottery entrants are included. * p < 0.10, ** p < 0.05, *** p < 0.01.
Conclusions
Our estimated effects of vehicle ownership on fertility are statistically significant, large, and of economic importance. As we discussed in the introduction, these reductions are far larger than those found in the prior literature examining government policies that are intended to directly influence fertility, such as cash transfers, tax benefits, and paid time off for parents.
One implication of this paper is that vehicle ownership restrictions intended to address the environmental costs of cars have had a large unintentional social trade-off in the form of reducing fertility. Chinese municipalities concerned about the demographic structure of their cities should consider pairing vehicle restrictions with transportation options that may support childcare, such as family-friendly public transportation. A second implication is that projections of fertility rates should including changes in vehicle ownership rates, which we find play a strong role independent of income.
Regarding the implications of our results for other cities restricting or considering restricting car ownership, we note that Beijing has a high-quality public transportation system. Consequently, the effect of car ownership on childcare costs may be lower in Beijing than in other cities, suggesting that policies restricting ownership might have even larger effects elsewhere.
Whether the declines in fertility found in this paper are a temporary decrease or a permanent adjustment in births per woman is an important topic for future research. It is possible that women who win the lottery move their decision to have children forward in time or that frustrated lottery losers delay pregnancies. Even in this case, observed fertility for any given year in Beijing will be lower than it would have been as long as vehicle restrictions remain in place. On the other hand, as we noted in the introduction, the OCP could mitigate the fertility effects of the vehicle restrictions during our sample. Recent changes to the OCP could therefore increase the effects of vehicle restrictions on fertility.
Our findings imply that transportation options play a powerful and previously unexplored role in family planning decisions. Policymakers concerned about declining fertility should consider strong incentives to offset these effects, such as transportation services targeted at families with young children.
